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Abstract 
Durability requirements for disk brakes in truck application are improved based on the actual customer usage. A second moment 
reliability index is used to design test codes for the assessment of variable amplitude disk brake fatigue life. The approach is based 
on the mean estimates of logarithms of equivalent strength of the brake and customer load variables. The index gives possibilities 
to take all uncertainties in the fatigue life assessment into account, including scatter in material, production, and usage but also 
systematic errors like model errors in test set up, stress calculations, damage hypothesis, as well as statistical uncertainties. 
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1. Introduction 
There is a continuous need in improving durability requirements for disk brakes by making them more correlated 
to the actual customer usage. The potential here is to differentiate the requirements, e.g. allowing offer of a light weight 
brake for less demanding applications. 
Reliability assessment with respect to fatigue failures is a difficult task, on the strength side because of the large 
scatter in fatigue life, on the load size due to highly varying product user profiles. An assessment procedure must 
therefore be simple enough to be able to quantify vague input information, and be sophisticated enough to be a 
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useful engineering tool for improvements. The method is a development of the concept introduced in [1] that was 
based on the classical load/strength method for fatigue at variable amplitude. The method uses scalar representatives 
for load and strength that are defined as equivalent amplitudes, and estimates their prediction uncertainties for 
reliability measures. The method may be seen as a first order, second moment reliability index according to the 
theory in [2]. The method was previously described in detail in [3]. 
2. The Load-Strength Reliability Method 
2.1. The Equivalent Load and Strength Variables 
In fatigue, the service load can be seen as a random process of a time varying load in each point of the structure to 
be analysed. The strength of the structure also depends on the time varying characteristics of the load and thus a theory 
of damage accumulation is needed to obtain the desired one-dimensional measures and to relate them to fatigue life. 
The established theory for the users is the Basquin equation combined with the Palmgren-Miner cumulative damage 
rule. This theory will be used here with certain practical modifications for the actual purpose of getting a useful 
reliability index. 
The two main differences in the present method compared to the traditional use of damage accumulation theory 
are i) material or component strength is assumed to be determined from variable amplitude tests to avoid large model 
errors caused by the cumulative damage rule, and ii) a fictive endurance limit is defined which suitably is chosen to 
correspond to the required fatigue life of the structure. The following variant of the Basquin equation is used [4], 
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Here en  is the cycle number corresponding to the endurance limit ߙ௘ and ܵ is the load amplitude. A proper choice 
for steel constructions is ݊௘ ൌ ͳͲ଺. The exponent ߚ is assumed to be a material or component characteristic and is 
estimated by tests or by experience. The property ߙ௘ is regarded as a random variable that varies between specimens, 
reflecting different microstructural features and manifested by the observed scatter in fatigue tests. This random 
variable is defined as the equivalent strength and is modelled as a log-normal variable, where the distribution 
parameters represent a certain component type or a specific material. 
The strength for a component is estimated from laboratory test results. For spectrum tests the applied load consists 
of a variable amplitude time history that for damage analysis is described by its amplitude spectrum based on a cycle 
counting procedure [5], giving the number of ܯ applied load amplitudes, ሼ ௜ܵ Ǣ ݅ ൌ ͳǡʹǡ ǥ ǡܯሽ . According to the 
Palmgren-Miner cumulative damage assumption using (1) the following expression is obtained: 
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where ௜ܰ is the life according to (1) for the load amplitude ௜ܵ and M is the total number of counted cycles. Failure 
occurs when D equals unity and the value of ߙ௘ for a specific specimen is: 
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which is an observation of the random equivalent strength variable. 
For the application of the load/strength model, a comparable property for a service load spectra is needed. This is 
constructed in a similar way from the calculated damage for the spectrum, 
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Here we sum over all counted amplitudes at ܮ௜ for the driven distance ܶ, and ௧ܶ is the target life by means of, for 
instance, driving distance. Now, define the equivalent load stress amplitude ܮ௘௤  as 
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and it can be seen from (3) that ܦ௧ ൌ ௅೐೜
ഁ
ఈ೐ഁ
, which equals unity when ܮ௘௤  equals ߙ௘ . The distance between the 
logarithms of these two random properties represents a safety margin that will be used for the reliability index. The 
equivalent load is modelled as a log-normal random variable. 
2.2. The Uncertainty Measure of Strength 
In (2), the equivalent strength for a certain specimen was defined, where the random property is the accumulated 
damage to failure, while the spectrum is supposed to be known and the value ݊௘ is a fixed constant. The standard 
deviation of the logarithmic observed equivalent strengths can be calculated as, 
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where n is the number of fatigue tests. From this estimated standard deviation, the target is to obtain a measure of 
prediction uncertainty for the reliability index. This will be done by using a proper 95% prediction interval for a future 
assessment of the strength, given the test. Under the assumption that the logarithm of the equivalent strength is 
normally distributed, such a prediction interval can be calculated from the Student-t distribution,  
 
n
tsm nS
111,025.0 r D . (6) 
Here, the t-value compensates for the uncertainty in the standard deviation estimate and the ͳȀ݊ term under the 
root sign takes the uncertainty in the mean value ݉ௌ into account. Since the t-value approaches 1.96 when the number 
of tests increases to infinity, the actual uncertainty component for the reliability index is defined as, 
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which thereby is a measure corresponding to a standard deviation of the predicted equivalent strength. 
This initial uncertainty measure includes the scatter of the specimens, the uncertainty in the estimated mean, and 
the uncertainty in the variance estimate. In case the tests are performed on a random choice of components, also 
geometrical scatter due to tolerances are included. The uncertainty due to the exponent ߚ, influences both strength 
and load and will be added separately. 
Other uncertainties that can contribute to additional variation in the estimate of strength are described in [3]. In 
total, the uncertainty measure of strength is calculated by a simple addition of the corresponding variances of log 
strength, 
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2.3. The Uncertainty Measure of Load 
The load variation, by means of reliability, originates from the population of users. This may be identified as 
customers, markets, missions or owners depending on the application. For each population, different reliability indices 
can be calculated, the important issue is that it is made clear what population the reliability index relates to. Once the 
population is defined, the mean and variance of the corresponding load need to be estimated. Preferably these are 
obtained from direct measurements of loads in service. This usually demands large measurement campaigns, where 
the sampling of customers, environments and markets demands great care when planning the campaigns, see [6].  
From measurements on a specific population it is possible to calculate equivalent loads ܮ௘௤  according to (4) for 
each sample and find the mean and the standard deviation of the logarithmic transformation of the population, 
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If the number of samples n is small there will be an uncertainty in the estimated standard deviation and our 
uncertainty measure must be adjusted as in the strength case, again assuming a normal distribution for our logarithmic 
property, 
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If the load measurements have been made on a test track or if the measurement campaign is known not to be a 
random sample of the actual population there may be an unknown bias in the estimates and by judgement more 
uncertainty components should be introduced,  
  2 3,2 2,2 1, LLLL GGGG , (11) 
where each different component ߜ௅ǡ௜ is estimated as the coefficient of variation of equivalent load, i.e. based on a 
percentage judgement. 
2.4. The Predictive Safety Index 
Based on the logarithmic variant of the Cornell reliability index [2] and the properties derived above, the predictive 
safety index for fatigue can be formulated as, 
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which is demanded to be less than a specified value ߛ஽. In many applications such an index is interpreted as a 
statistic following a normalized normal distribution and the demand is specified as a maximum probability of failure. 
However, normally the behaviour of the random variables in question is highly uncertain in the tails and such 
probabilities may be strongly misleading. Therefore we here propose another formulation of the reliability index 
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Here, the demand is that the estimated distance from the failure mode, ݉ௌ െ݉௅ , should be less than the sum of 
two terms. The first one represents a deterministic extra safety distance, based on judgements about seriousness of 
failure causes and costs. The second term is interpreted as a proper measure of our statistical uncertainty, based on all 
possible sources. The choice of the number 2 in front of the prediction uncertainty is due to the assumption that a 
normality assumption is assumed to be accurate within the central 95% of the distribution. 
It should be noted that ܵௗ is a measure of the extra safety distance for the particular component. The level of 
extra safety distance depends on how safety critical the component is. Brakes are considered safety redundant 
components meaning that, in general, the extra safety distance should be ܵௗ ൐ Ͳ. 
 
3. Load and Strength Measurements 
3.1. Load Measurements 
The data from field tests customers operating in various road conditions and operating cycles were logged. For 
each customer, the brake pressure data were extracted for the front brakes and the values were extrapolated to the 
full target vehicle life for the application. The front brakes are considered to be exposed to more severe loads. 
Mostly heavy duty trucks have been used when collecting data. In total, logged brake pressure data from about 40 
field test customers have been considered.  
 
3.2. Strength Measurements 
There exists a set of demands for corresponding to applications in the evaluation of disc brakes durability. 
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3.2.1. Heavy duty demand “13-4-1” 
A standard demand applicable to all heavy duty applications is called 13-4-1. The name of demand is reflecting 
the distribution of different brake applications since among 18 brake applications 13 is at 25% of the maximum 
clamping force and brake torque, 4 are at 50% and 1 is at the maximum levels. The block is repeated until 1 million 
brake applications have been made. For this demand, 1.5% is done in the opposite direction corresponding to reverse 
braking.  
 
3.2.2. Heavy duty demand “66-1” 
Another demand applicable to component testing for all heavy duty applications is called 66-1. The name of this 
demand is reflecting the number of forward (66) and the number of reverse (1) braking. This is a constant amplitude 
demand that can be performed on different load levels to estimate mean value, scatter and the slope of the Wöhler 
curve. 
4. Case Study: Estimation of Parameters in Reliability Index and Comparison to Standard Demands 
A large set of customer data with relevant information such as brake pressure, vehicle speed, gear etc., has been 
gathered in field measurements and logging of field test trucks. The brake pressure signals, which are considered to 
be very well correlated with the clamping force of the brake and brake moment, are analysed in terms of duty 
(pseudo-damage) and compared to the current requirements. The duty values are calculated using rain flow count 
and a single slope in the S-N curve. Using these values, an equivalent load can be calculated to compare with the 
Reliability Index method described above. 
4.1. Estimation of Loads 
Service brake spectra were extracted for each customer and the results were extrapolated to the vehicle life 
typical for customer application. The results are shown in Figure 1 below. As can be seen from the figure there is a 
great variation among the customers. Moreover, it can be noted that there is a variation among the customers within 
each customer category. 
Fig 1. Service brake spectra for all customer data. The customer data are extrapolated to the vehicle life typical for a certain application. 
 
Each field measurement load spectrum has been used to calculate its equivalent load brake pressure amplitude, using 
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the target life of one million km and the fatigue estimated exponent ߚመ ൌ ͷ. The result was ݉௅ ൌ  ܮ௘௤തതതതതതത ൌ ͲǤͻ͵ with 
the standard deviation ܵ௅ ൌ ͲǤʹͻ. 
4.2. Brake Strength Evaluation 
A number brakes where tested to failure using the 66-1 test sequence. 
 
 
Fig. 2. Fatigue test results. 
 
The equivalent strength ߙ෤௘ǡ௜ for each specimen test is estimated using Eq. (2) from the number of cycles to failure 
݊௘ǡ௜and the load amplitude ௜ܵ given by Fig. 2. The slope of S-N curve is assumed to be ߚመ ൌ ͷǤ In order to compare 
strength estimated from constant amplitude loading (66-1) and block loading (13-4-1) described in next section we 
need to scale the damage accumulated by each specimen according to “Miner sum” by factor of 0.6 [7, 8]. The 
observed equivalent strengths ߙ෤௘are: (5.39, 4.66, 5.62, 5.01, 5.15). Their logarithmic average is 64.1~ln   eSm D , and 
standard deviation 07.0 Ds .  
In the case of 13-4-1 test code, the equivalent strength is again calculated from Eq. (2). The mean equivalent 
strength is estimated as ݉ௌ ൌ  ߙ෤௘=1.75. 
4.3. Estimation of uncertainties 
When the equivalent strength is estimated using the results of 66-1 test code, the uncertainty in the estimate can 
be evaluated using Eq. (5) and Eq. (6). 
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In case of 13-4-1 test, usually only few tests are done, thus the uncertainty should be estimated in a different 
way. The strength dispersion is unknown prior to the test. A standard assumption within fatigue theory is that the 
standard deviation of the logarithm (with basis 10) of the number of cycles until failure is at most 0.2. A fair 
conservative assumption is, therefore, to set the standard deviation to 0.1. Since the number of tests will be limited 
the correction factor for the limited number of samples to estimate the mean has to be done. However, since we 
assume that the standard deviation is known the t-factor is not needed. Assuming that minimum number of samples 
equal to 2 is usually tested in the rig, the dispersion for the strength can therefore be calculated as:  
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Further, the load uncertainty is  
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Due to the lack of experimental design, the measurements do not necessarily represent the actual customer 
population. Furthermore, the components that will be mounted into future vehicles will be used by future customers 
and their behaviour may differ from the current customers. In order to take these uncertainties into account, an extra 
variation of 5% in load is added.  
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The additional uncertainty in the slope in the S-N curve is assumed to be 5% or in other words ߜఉ ൌ ͲǤͲͷ which 
roughly corresponds to uniformly distributed spread in the slope of േͳ (see example of calculations in [3]). 
The uncertainty components are added by their squares, 
 
 112.003.0108.0 22
166
  SG , 126.003.01225.0 221413   SG , 
292.003.029.0 22   LG ,  05.0 EG . 
4.4. The reliability index 
In our example we have no specified target for the extra distance ܵௗ, but we can find out how large this distance 
is for the actual component, 
 
2222 EGGG  LSdLS Smm  
08.063.071.032.0293.064.1
166166166
!  ddd SSS  
18.064.082.032.0293.075.1
141314131413
!  ddd SSS  
The statistical uncertainty representing a 95% prediction interval leaves an extra safety distance of 0.076 
respectively 0.18 for the two methods. 
5. Discussion 
The presented second moment reliability index is formulated by means of logarithms of the equivalent strength 
and load variables measured in engineering units such as kNm or bar. It is intended to include all possible uncertainties 
in the fatigue life assessment, including both scatter and possible model errors. It assumes a normal distribution of the 
logarithmic distance, but in order to compensate for the unknown tails of the true distribution, an extra safety factor 
is added based on non-statistical considerations. 
The case study is an example of how the method can be used, combining statistical observations and engineering 
judgements. The result shows that the total uncertainty is dominated by the large variation within the usages of the 
truck. Moreover, the uncertainties on the estimates of the strength are quite significant resulting in 11 % respectively 
13 % for two methods. The variation in equivalent load is about 30%. These facts explain the resulting small extra 
safety distance, and suggest a more thorough investigation and modelling of the usage profiles of customers. It is 
possible to reduce the uncertainty in the estimate of the strength by increasing the number of test specimen. Therefore, 
further considerations must be done in order to find suitable rules for setting durability requirements by means of the 
deterministic extra safety distanceܵௗ. 
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